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Abstract 
Regional scale risk assessments can be used to determine the likelihood of effects from multiple 
stressors on ecological or human endpoints at multiple scales. The Relative Risk Model 
framework can incorporate ecosystem services as endpoints in this multiple stressor- multiple 
endpoint approach. Through this research, I aimed to demonstrate an approach to integrating 
ERA and HHRA that could be applied to assess risk to human health and ecosystem services 
using the South River, VA as a case study.   I applied the Relative Risk Model with Bayesian 
networks (BN-RRM) to an integrated assessment of four ecosystem services of the South River, 
Virginia: Human health, Water quality, Recreation, and the Recreational fishery. The BN-RRM 
approach allowed for the calculation of relative risk to 14 human, biotic, and water quality 
endpoints from chemical and ecological stressors in the South River. Three separate conceptual 
models were developed for assessing risk to overall Ecosystem services, Human Health, and 
Recreation. The services at highest risk in the South River were Water quality and the 
Recreational fishery. Human health risk for users of the South River was low relative to the risk 
to other endpoints. Risk to Recreation in the South River was moderate with little spatial 
variation among the five risk regions. The sensitivity and uncertainty analysis of the BNs 
identified the parameters that influence risk for each endpoint in each risk region. Mercury 
concentrations in floodplain soils and river water influence human health risk. River temperature 
and E. coli bacteria were the main contributors of risk to water quality and recreational river 
uses. Lack of public access contributed risk to recreation and ecosystem services endpoints. 
This research is not meant to be a definitive assessment of human health risk to fulfill the 
regulatory requirements for the site. Rather, it is part of a larger effort to synthesize regional 
scientific research and better understand the effects of mercury contamination and other 
stressors in the South River watershed.  
KEY WORDS: Bayesian network, Relative Risk Model, human health risk, ecological risk  
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Notes 
This research took place concurrent with a RCRA HHRA, which is currently under review by 
VDEQ (2009a). The RCRA HHRA (VDEQ 2009a) is the definitive assessment of human health 
risk for the South River. The RRM results of this study are not meant to refute or replace the 
results of the RCRA HHRA. Rather, they provide additional information about the sources of risk 
and the parameters influencing risk to human health and other types of endpoints of the South 
River. 
This paper outlines the human health and ecosystem services risk assessment using the 
Relative Risk Model. For more information on the initial biotic and water quality endpoints, refer 
to Landis et al (2014). The Bayesian network files are available electronically or upon request. 
Download the free version of Netica to view the models without a license 
(https://norsys.com/netica.html).  
The content and format of this paper are intended for submission to Risk Analysis.  
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1. INTRODUCTION 
In this research, I have applied the Relative Risk Model with Bayesian networks (BN-RRM) to 
an integrated assessment of human health and ecological risk from mercury contamination and 
environmental stressors in the South River, Virginia.  I incorporated the Ecosystem Services 
Concept (WRI 2005) into the BN-RRM framework to consider risk to four services of the South 
River: Human health, Water quality, Recreation, and the Recreational fishery. The BN-RRM 
approach allowed for the quantitative assessment of risk to ecosystem services of the South 
River and enabled me to calculate relative risk to human and ecological endpoints. 
1.1 Integrating Human Health and Ecological Risk Assessment  
Integrated risk assessment has been defined as a “science based approach that combines the 
processes of risk estimation for humans, biota and natural resources in one assessment” (WHO 
IPCS 2001). Integration occurs at all levels of the risk assessment process, from problem 
formulation and endpoint determination to risk characterization and communication. 
Integrated risk assessment may offer advantages for managing natural resources, human 
health, and ecological structures with limited drawbacks. The potential benefits of integrating 
ecological and human health risk assessment have been outlined in the literature (Harvey 1995, 
Bridges 2003, Suter 2003, Suter 2004, Vermeire et al. 2007) but have yet to be demonstrated in 
a complete risk assessment. Proponents of integration suggest that it would lead to a more 
holistic understanding of human health and ecological risk by producing coherent and 
comparable results that could be used by risk managers to understand human and ecological 
relationships, weigh tradeoffs, and guide management decisions. The proposed benefits of 
integration can be summarized in four key points: 
1. Integration is efficient (both in time and effort). 
2. Integration produces coherent and comparable results. 
3. It provides a complete picture of risk to multiple human and ecological endpoints. 
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4. Integration increases transparency in the risk assessment process.  
A number of challenges exist that have stalled the integration of ERA and HHRA to date. First, 
ERA and HHRA tend to use different language, which makes integration challenging (Bridges 
2003). Second, integration requires communication between human health and ecological risk 
assessors, which does not always occur (Froese and Orenstein 2010). Third, integration 
requires quantifiable endpoints in both the fields of ERA and HHRA. Many human health and 
well-being endpoints are qualitative, especially social, cultural, and psychological endpoints 
(Froese and Orenstein 2010). This poses a challenge to ecological risk assessors attempting to 
integrate human health and well-being into the conceptual models for ERA. While these 
challenges are certainly real, it has been argued that they are not prohibitive to integrating ERA 
and HHRA. Finally, two possible drawbacks to integration have been cited: increased 
complexity and increased cost (Vermeire et al. 2007).  
For my research, I intended to complete an integrated ecological and human health risk 
assessment (ERA-HHRA) in order to test the proposed benefits put forth by Harvey (1995), 
Bridges (2003), Suter (2003, 2004) and Vermeire et al. (2007). I felt that the BN-RRM could be 
used to integrate human health and ecological risk assessment because it is a quantitative and 
probabilistic framework for multiple stressor-multiple endpoint risk assessment. I applied the 
BN-RRM to an integrated assessment of risk to 14 human, biotic, and water quality endpoints of 
the South River, Virginia. I chose the South River as a case study for this research in order to 
build on previous ecological risk assessments done by Landis et al. (2014).  
1.2 Ecosystem Services  
Ecosystem services are goods and amenities provided by an ecosystem that contribute to 
human health, human well-being, economy, and society (WRI 2005). The quantitative 
evaluation of ecosystem services can include an assessment of economic worth, contribution to 
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human health and well-being outcomes, and risk to ecological endpoints and human health 
(Forbes and Calow 2012, von Stakelberg 2012).   
The Ecosystem Services Concept is an anthropocentric approach to understanding the link 
between human health and well-being and the ecological systems with which we interact. The 
ESC frames ecological services as essential components of natural resource and public health 
management strategies (Apitz 2012, van Wensem 2012, Tait 2014). The Ecosystem Services 
Concept (ESC) offers context for assessing risk to human and ecological endpoints for large-
scale systems (Forbes and Calow 2012, von Stakelberg 2012).  Regional scale risk 
assessments can easily incorporate ecosystem services as endpoints in a multiple stressor- 
multiple endpoint assessment (Forbes and Calow 2012, van Wensem 2012). By integrating 
human and ecological risk assessment through the lens of the ESC, risk assessors and 
managers can provide a more holistic picture of risk and more easily weigh management 
tradeoff and co-benefits (Forbes and Calow 2012, van Wensem 2012, von Stakelberg 2012).  
Ecosystem services represent a wide range of benefits, which can be considered at different 
spatial scales and affect the individual, community, or broader society. Some ecosystem 
services assessments focus on nutrient cycles and other biophysical processes provided by an 
ecosystem while others address more tangible amenities including marketable goods, access to 
recreation, and water, food, and shelter. The ESC is especially relevant in the management of 
urban and suburban areas, where human reliance on services such as flood control, disease 
prevention, and water quality can have serious economic and social implications (Tobias 2012). 
In recent years, the ESC has driven efforts to quantify and valuate services in order to better 
include these services in economic, political, social, and natural resource decision making (Daily 
2009, Carriger and Barron 2011, Apitz 2012, Forbes and Calow 2012, van Wensem 2012, von 
Stakelberg 2012, Tait 2014).  
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1.3 Ecosystem Services and Risk Assessment   
The differences between ecosystem services and other risk assessment endpoints are minimal 
and can be easily accommodated with risk assessment frameworks and techniques that are 
already in practice (von Stakelberg 2012). Forbes and Calow (2012) provide examples of 
ecosystem services in chemical risk assessment using European Food Safety Authority and 
USEPA frameworks.  Carriger and Barron (2011) characterized risk to ecosystem services 
during response to the 2010 Deepwater Horizon oil spill. Zhao and Zhang (2013) integrated 
ecosystem services into the RRM for the Yellow River, China.  
The ESC aims to increase transparency in risk assessment and decision making by 
transforming vague protection goals into criteria that are specific and measurable (Forbes and 
Calow 2012, van Wensem 2012, von Stakelberg 2012).  Ecosystem services assessments may 
present more challenges than a traditional ERA in the form of diverse stakeholder perspectives 
and greater linguistic uncertainty (von Stakelberg 2012). For any site there are likely a wide 
range of services that are valued by stakeholder groups who may have different management 
objectives for the services (von Stakelberg 2012). Services may be valued at smaller or larger 
spatial scales from which they are being managed (2012). To add to the challenge, many 
ecosystem services are undefined or have different meanings depending on the context (WRI 
2005, von Stakelberg 2012).  
1.3.1 Ecosystem Services of the South River  
For this risk assessment, I focused on four specific services (Human health, Water quality, 
Recreation and the Recreational fishery) of the South River. These services were identified by 
the South River Science Team (SRST) through communication with local stakeholders (SRST 
2013). These four services reflect stakeholder values and management objectives, and each is 
measurable and quantifiable as a risk assessment endpoint. I established three criteria for 
services as endpoints that I have applied to this model:  
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 The endpoint (service) is present the study area and valued by stakeholders.  
 The endpoint is measurable and changes to the endpoint can be quantified.  
 Causal pathways link stressors (chemical or non-chemical) to the endpoint.  
1.4 Case Study: The South River, Virginia 
This research uses the Ecosystem Services Concept to frame an integrated ERA-HHRA for the 
South River in Virginia, USA (Figure 1). The South River is a legacy site contaminated with 
mercury from a manufacturing plant that operated from the 1920s to the 1950s (Stahl et al. 
2014). Mercury was discovered on site and in the river in the 1970s and remains in the river and 
floodplain soils (2014). The South River is currently listed as an impaired water body under 
Section 303(d) of the Clean Water Act; Total Maximum Daily Loads (TMDL) have been 
established for mercury in fish tissue, polychlorinated biphenyls (PCBs) in fish tissue, and 
Escherichia coli in the water (VDEQ 2014). Elevated concentrations of total suspended solids 
and total phosphorus have been documented in the South River (VDEQ 2009b, VDEQ 2014). 
The South River is a large-scale site that requires a multiple stressor approach to risk 
assessment (Stahl et al. 2014). 
1.4.1 Previous South River Risk Assessments 
This research builds on previous ecological risk assessments for the South River performed by 
Landis et al. at Western Washington University.  Previous risk assessment work for the South 
River also used the BN-RRM. This work by Landis et al. began in 2011 with the development of 
conceptual models for four biotic endpoints: Belted kingfisher, Carolina wren, Smallmouth bass 
and White sucker (Summers 2012). Four water quality endpoints were also selected for risk 
assessment including Water quality standards, Boating river use, Fishing river use, and 
Swimming river use. A single conceptual model for risk to the four water quality was developed 
by Landis et al. (2014). The initial biotic and water quality risk assessment was later adapted to 
examine the effects of adaptive management strategies for the South River (Johns 2014).  
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Figure 1. Map of the South River Study Area showing the six risk regions for this study.  
Two management strategies were identified- agricultural Best Management Practices (Ag 
BMPs) and bank stabilization- based on communication with the SRST, VDEQ, and a review of 
current South River restoration projects (Johns 2014). 
1.5 Bayesian Network- Relative Risk Model 
The Relative Risk Model (RRM) can be used to assess risk to ecological and human endpoints 
from multiple stressors over large spatial scales. The RRM outlines the exposure pathway from 
stressor to habitat to endpoint. Stressors that overlap in habitat (both spatial and temporal) with 
an endpoint pose risk to that endpoint.  The RRM requires evidence of causality from source to 
endpoint. As reported in Ayer and Landis (2012), the most recent application of the RRM uses 
Bayesian networks (BNs) to calculate relative risk.  
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Figure 2 presents the relationship between the conceptual model used in in the relative risk 
model and the derived BN. The RRM emphasizes causality, which is represented with arrows in 
the conceptual model and subsequent BN. Each source, stressor, habitat, and endpoint 
becomes a node in the BN.  
Bayesian networks are graphical models used to describe cause and effect relationships, and in 
this way they are very similar to the conceptual models that typically are used in risk 
assessment. BNs are comprised of nodes and linkages, which reflect the components and 
causal pathways of the RRM.  In a BN, nodes represent variables.  Parent nodes do not have 
inputs.  Child nodes receive inputs from two or more parent nodes. Conditional probability tables 
(CPTs) within the BN describe the interactions between parameters. The CPTs describe the 
probability of all potential outputs given the different combinations of the input variables. 
Bayesian networks are acyclic, meaning that explicit feedback loops are not permitted.  More 
information regarding  BNs and their use in environmental management can be found in 
Woodberry et al. (2004), Pollino et al. (2006), Marcot et al. (2006), McCann et al. (2006), 
Nyberg et al. (2006) and Carriger and Barron (2011). 
The BN-RRM has been used in a variety of ecological contexts (Hayes and Landis 2004, Ayre 
and Landis 2012, Hines and Landis 2014, Ayre et al. 2014). The framework has been used to 
examine the risk of stormwater runoff to Coho salmon (Hines and Landis 2014) and risk of 
whirling disease to isolated trout populations (Ayre et al. 2014). This is the first application of the 
RRM to HHRA and one of few applications of the model to ecosystem services risk assessment 
(Zhao and Zhang 2013). Several of the characteristics of BNs lend themselves to probabilistic 
landscape-scale risk assessment.  Bayesian networks incorporate the deterministic and 
stochastic aspects of complex systems, deal well with uncertainty, and provide probabilistic 
predictions with measures of the importance of the input variables (sensitivity analysis). 
Bayesian networks can be updated with new monitoring data as they become available. The  
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Figure 2.  RRM to BN for the Ecosystem services model. The RRM is used to develop a 
conceptual model that becomes the basis for the Bayesian Network.  
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BN-RRM can also be used to understand the changes in risk with the implementation of a 
management action (Nyberg et al. 2006, Ayre and Landis 2012, Hines and Landis 2014). 
1.6 Risk and Uncertainty 
The BN-RRM follows a probabilistic approach to risk assessment for human and ecological 
endpoints. It explicitly considers uncertainty in the model inputs and output. Input parameters 
are represented as frequency distributions, which are derived directly from monitoring data. 
Relative risk is expressed as a probability distribution among four possible risk states (zero, low, 
medium, and high).   
Linguistic uncertainty is the uncertainty that is introduced through vague or ambiguous language 
or miscommunication (Regan et al. 2002). Linguistic uncertainty is pervasive is risk assessment 
and policy and can occur at any step along the risk assessment, from stakeholder input and 
endpoint selection to risk communication and decision making (Regan et al. 2003, Carey and 
Burgman 2008). In my research, I have worked to reduce sources of linguistic uncertainty by 
employing a quantitative, science-based approach to ERA-HHRA and communicating regularly 
with South River stakeholders. Communication throughout the risk assessment process has 
ensured that this risk assessment supports the management questions and research needs of 
the SRST.  
1.7 Study Objectives  
There were three primary objectives of this integrated risk assessment: 
1) Demonstrate an approach to integrating ecological and human health risk assessment  
(ERA-HHRA) into a single framework 
2) Incorporate ecosystem services into an ERA-HHRA as risk assessment endpoints  
3) Use the BN-RRM to assess risk to human health and ecosystem services for the South 
River, Virginia  
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Through this research, I aimed to demonstrate an approach to integrating ERA and HHRA that 
could be applied to assess risk to human health and ecosystem services. I used the South 
River, VA as a case study. This research was not meant to be a definitive assessment of human 
health risk to fulfill the regulatory HHRA requirements for the site. Rather, it is part of a larger 
effort to synthesize regional scientific research and better understand the effects of mercury 
contamination in the South River watershed.  
1.8  Summary of Findings  
This paper describes the methods and findings of an integrated ERA and HHRA, which uses the 
South River as a case study. Through this research, I applied the BN-RRM approach to 
calculate site-specific, relative risk for human health and ecosystem services endpoints. This 
research provides one of the first concrete examples of an integrated ERA-HHRA in the peer 
reviewed literature.  
Findings of this risk assessment can be grouped into two categories: 1) Site-specific relative risk 
results for the South River and 2) conclusions regarding the integration of ERA and HHRA and 
the use of ecosystem services as risk assessment endpoints. Four key findings are listed below: 
1. Human health risk is low in the South River and less spatially variable than risk to other 
ecosystem services.  
2. Mercury and other stressors in the South River increase the risk of exceeding water quality 
standards and limiting river use activities (recreation). 
3. Integrating ERA and HHRA is both possible and practical. The BN-RRM is an effective tool 
for integrated risk assessment.  
4. Risk can be assessed to ecosystem services that are clearly defined and measurable.  
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2. METHODS 
2.1 Research Site 
The South River and its watershed are located in Augusta County, Virginia in the Shenandoah 
Valley (Figure 1). The South River originates southwest of the town of Waynesboro and flows 
northward for approximately 85 km before joining the North River and Middle River near the 
town of Port Republic, Virginia (Eggleston 2009). Land use patterns in the South River 
Watershed include 58% forested land, 31% agricultural land, and 8% urban areas (Eggleston 
2009) (Figure 3). The South River is an economic and recreational resource for the local 
communities; common recreational activities on the South River include fly fishing, boating, 
swimming, and wading (SRST 2009). 
 
Figure 3. Land use for the South River, Regions 2-6. The town of Waynesboro in Region 2 is 
the largest developed area in the SRSA. 
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Releases of mercury from the E. I. du Pont de Nemours and Company (DuPont) textile factory 
between 1929 and 1950 resulted in mercury contamination of the river and its downstream area 
(Bolgiano 1980). In response, the Virginia Department of Health (VDH) listed safe levels of fish 
consumption in the South River and the South Fork Shenandoah based on mercury 
concentrations in the fish tissue (VDH 2013, SRST 2013).  Fish consumption advisories have 
been revised over time but are still in effect; the VDH currently recommends that no fish from 
the South River be eaten, except for the stocked trout, which have mercury tissue 
concentrations below the VDH criteria for human consumption (VDH 2013). As of 2014, both the 
original plant-site and off-site South River floodplain are being managed by the Virginia 
Department of Environmental Quality (VDEQ) under the Resource Conservation and Recovery 
Act (RCRA) regulatory framework (SRST 2014, VDEQ 2009a). 
Since the late 1970s, DuPont has been working with local, state and federal agencies to 
address the issue of contamination and monitor the impacts to natural resources at the site 
(Stahl et al. 2014). In 2001, the SRST was created by the VDEQ to lead collaborative scientific 
efforts relating to the South River contamination (Stahl et al. 2014, Eggleston 2009). The SRST 
is also tasked with educating local people on the risk of mercury contamination through angler 
surveys and community public health programs (2014).  
The South River Study Area (SRSA) is defined by the boundaries of the South River watershed, 
(Summers 2012, Landis et al 2014). The SRSA is divided into six risk regions (Figure 1) based 
on United States Geological Survey (USGS) watershed hydrological sub-basins as well as land 
use characteristics of the region (2012).  Regions are numbered 1- 6 as the river flows 
downstream (northward) towards its confluence with the North River and Middle River. The 
original mercury deposition site is located in Region 2 within the town of Waynesboro. The 
entire reach of Region 1 is upstream of the original site. Near the downstream (northern) end of 
Region 5, the South River combines with the North River and Middle River to become the South 
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Fork Shenandoah, which flows northeast through Region 6. Region 1 was not included in this 
risk assessment because no SRST monitoring data exists for the region.  
Agricultural, industrial, and urban land use patterns in the SRSA introduce chemical stressors to 
this system, including polycyclic aromatic hydrocarbons (PAHs), PCBs, and organochlorine 
pesticides. A number of pesticides, including aldrin and dieldrin, have been documented in 
surface water and groundwater wells within the SRSA (Donnelly and Ferrari 1998; Zappia and 
Fisher 1997). The South River has been listed on the 303(d) Priority List for Impaired Waters for 
PCBs in fish tissue, as well as fecal coliform and Escherichia coli (VDEQ 2014). Elevated 
concentrations of phosphorus and suspended solids from point and non-point runoff have been 
identified as stressors to the benthic community of the South River (VDEQ 2009b). Other 
ecological stressors in this system include water temperature fluctuations, fluctuations in river 
flow, and lack of aquatic habitat (Summers 2012, Landis et al 2014). 
2.2 Model Construction 
2.2.1 Selection of Endpoints  
Endpoints can be defined as entities and their attributes, where attributes describe the 
characteristics or qualities of an endpoint (USEPA 1998). For example, the Smallmouth bass 
endpoint in Landis et al. (2014) is comprised of an entity (smallmouth bass population) and 
attributes of that entity (abundance, age structure, sex ratio, spatial distribution). Similarly, each 
endpoint in this risk assessment can be defined as an entity and its associated attributes (Table 
1).  
The endpoints in this risk assessment were chosen based on SRST management goals and 
stakeholder values (SRST 2013). Biotic and water quality endpoints were selected in previous 
risk assessments (Landis et al. 2014) and remain consistent through this risk assessment.  
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Table 1. Entity-attribute combinations for four ecosystem services of the South River. 
Entity Attributes 
Human health 
No exceedances of VDH public health standards or VDEQ 
regulatory criteria for human health. 
Recreation 
Recreational activities are available throughout the risk region.  
Activities do not compromise health or well-being of 
participants. 
Water quality 
No exceedances of VDEQ water quality standards for human 
health or aquatic life. 
Recreational fishery 
The fishery is large enough to support a community of local and 
visiting anglers.  
Popular fish species are present, including smallmouth bass 
and stocked trout species.  
Human health was identified as an endpoint by the SRST for reasons both social and 
regulatory.  Human health represents risk to residents and river users from mercury exposure 
as well as exposure to chemical and non-chemical stressors in the South River (Table 1).  
Recreation focuses on five popular recreational activities of the South River and its floodplain: 
boating, swimming, fishing, birding and sightseeing, and hunting.  Attributes of the recreation 
endpoints include the availability of the recreational activity and the condition of the South River 
to provide recreation without compromising public health or well-being (Table 1).  
The four services included in this risk assessment are not meant to be comprehensive list of all 
ecosystem services for the South River. Rather, they are a group of endpoints that hold value to 
stakeholders, represent typical uses of the South River and its floodplain, and can be integrated 
into a quantitative risk assessment. I established the following criteria for selecting ecosystem 
services as endpoints for this risk assessment: 
- The service has a clear definition that is agreed upon by managers and stakeholders.  
- The service is measurable and changes to that service are observable or testable.  
- There are established criteria for managing the service in a regulatory context.  
- The service is present in the South River and valued by stakeholders.  
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- Causal pathways exist and can be used to assess risk from stressors of the South River.  
This criteria could be used to identify other services in the South River for future risk 
assessment. 
2.2.2 Identification of Stressors  
Evaluation of potential stressors in the South River began with a comprehensive literature 
search of site-specific stressors, human health criteria, toxicological studies, and regulatory 
guidelines. Potential stressors had to meet the following criteria to be considered in the 
conceptual model: 
- Be present in the South River watershed at measurable levels.   
- Have a possible pathway of exposure to human health and/or river use.  
- Have demonstrated health effects or impacts to river utility based on toxicological 
studies, scientific literature or regulatory guidelines.  
After identifying stressors (and sources of those stressors), I linked them together through 
habitats and pathways of exposure to create the conceptual model. This methodology follows 
that of the RRM (Landis and Wiegers 2005).  
2.2.3 Design of Conceptual Models  
Conceptual models were used to organize data, define exposure pathways, and visualize 
causal relationships. The development of a conceptual model is generally one of the first steps 
of the risk assessment process (USEPA 1998, USEPA 2014, Landis and Wiegers 2005). In the 
BN-RRM, the conceptual models become the framework for the BNs for each region and 
endpoint.  
Using the initial conceptual models for biota and water quality as templates, I developed three 
additional conceptual models: 1) combined ecosystem services 2) human health and 3) 
recreation (Supplementary Materials SF-1 to SF-3). Stressors, habitats and endpoints that were 
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selected through the RRM became nodes in the conceptual model. Using site-specific 
information and ecological literature, I identified causal pathways between stressors, habitats, 
and endpoints. Causal pathways are displayed as links (or arrows) in the conceptual model.   
Ecosystem Services- This human-centric conceptual model focuses on four ecosystem 
services of the South River: Human health, Water quality (as an indicator of public health), 
Recreation, and the Recreational fishery (Supplementary Material SF-1). This model builds on 
all previous and concurrent models (Human health, Recreation, Water quality, and Biotic) to 
provide a picture of overall use of the South River by the communities that depend on its 
services.  
Human Health- The human health conceptual model (Supplementary Material SF-2) addresses 
pathways of direct and indirect exposure as summarized by the SRST (2013) including soil 
contact, river contact, and diet. While mercury is the primary regulatory focus of the South River, 
the conceptual model highlights additional stressors including PAHs, organochlorine pesticides, 
fecal bacteria, total phosphorus, and suspended solids. Elevated concentrations of phosphorus 
are correlated with algal blooms that could the health of river users (Black et al. 2010, USEPA 
2006, Sprague et al. 2009). Elevated concentrations of suspended solids are correlated with 
increased contaminants and effects to aquatic life (Kronvang et al. 2003, USEPA 2003, Bilotta 
2007, Balough 2008).  Stressors in the human health model are consistent with those in the 
biotic and water quality models in Landis et al. (2014); however, additional sources of mercury 
exposure were considered in the human health model that were not considered by Landis et al. 
(2014).  
Recreation- This model combines the river use endpoints from the original water quality model 
(Landis et al. 2014) with two additional floodplain use endpoints to represent risk to all 
recreational activities of the South River (Supplementary Material SF-3). Intermediate 
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recreational endpoints include Hunting and Birding/Sightseeing, which were combined with the 
river use endpoints (Boating, Swimming, and Fishing) to derive an overall Recreation endpoint.  
2.2.4 Human Health User Scenarios 
Human health risk was assessed for five hypothetical user scenarios: All Pathways of Exposure, 
Hunter/Fisher, Fisher, Farmer, and Recreational user.  Direct exposure to river water, sediments 
and floodplain soils is included in every user scenarios. Dietary exposure to mercury differs 
among user scenarios, based on hypothetical or potential future uses of the floodplain for 
garden crops, livestock rearing, and hunting. Risk was calculated for each user scenario for 
Regions 2 through 6.  
Table 2 provides a list of the five scenarios and the associated sources of dietary mercury. The 
total number of sources of dietary exposure considered in the model decrease from the All 
Pathways scenario to the Recreational user scenario. All scenarios equally consider direct 
exposure from river contact and floodplain soil contact. This user scenario approach to HHRA is 
consistent with the future user scenarios outlined by the SRST Human Exposure Team (SRST 
2014).  
Human User Scenarios Sources of Dietary Mercury 
Total # of 
sources 
All Pathways of Exposure 
Fish (trout and non-trout), waterfowl/game, 
garden crops, livestock 
5 
Hunter/ Fisher Fish (trout and non-trout), waterfowl/game 3 
Fisher Fish (trout and non-trout) 2 
Farmer Garden crops, livestock 2 
Recreational User No dietary exposure 0 
 
Table 2. Sources of dietary mercury by Human User Scenario. The number of potential 
exposure pathways decrease from top to bottom. All exposure pathways were identified by the 
SRST Human Exposure Team as potential dietary exposures (SRST 2013). 
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The RCRA HHRA considered workers (both industrial/commercial and construction/excavation) 
as two separate human health scenarios (SRST 2014, VDEQ 2009a). I excluded these 
scenarios from the BN-RRM risk assessment because I did not have the data to make an 
informed risk estimate. There have been no studies of workers in the floodplain, and there is 
significant uncertainty as to both the nature and likelihood of exposure. 
2.3 Bayesian Networks 
2.3.1 Structure 
The structures of the BNs were derived directly from the conceptual models for Human health, 
Recreation, and Ecosystem services. The BNs maintained the tiered nature and linear flow of 
the conceptual models.  Each box in the conceptual model became a node in the BN, either an 
input (parent) node or intermediate (child) node. Each endpoint became a final child node in one 
of the BNs. Arrows in the conceptual model, which represent cause and effect relationships, 
were translated into the BN as linkages. Bayesian networks were created for each risk region 2 
through 6. Bayesian networks were not created for Region 1 and risk was not assessed for this 
region.  
In creating the BNs for this research, I followed the guidelines for BN structure outlined by 
Hosack et al. (2008) and Marcot et al. (2006). I considered model parsimony by minimizing the 
size and complexity of the model while retaining enough parameters to accurately predict risk 
(Jeffreys and Berger 1992, Braithwaite 2007). I used the metrics of model complexity described 
by Marcot (2012) to test the structure, performance, and parsimony of the BNs. For any of the 
models in this research, there were many possible configurations of the BN. Model structure has 
been shown to affect the model output (Hosack 2008, Marcot et al. 2006). I tested the effect of 
structure on the model performance in two ways:  
1. I compared the output from multiple BN structures to determine the extent to which 
changes in structure altered the risk results.  
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2. I performed a sensitivity analysis (measuring entropy reduction) on each initial BN and 
compared sensitivity results to my understanding of the system.  
2.3.2 Model Parameterization   
After the model structure was established, each parameter in the model (node or linkage) was 
defined. In this paper, I refer to this process as model parameterization using the terminology of 
Woodberry et al. (2004), Marcot et al. (2006) and Chen and Pollino (2012).  Model inputs were 
defined using a combination of site-specific data, empirical data from peer-reviewed publications 
and government reports, and expert judgment from SRST documents (Supplementary Materials 
ST-4 to ST-6). The three main components of model parameterization are described below. 
Discretizing nodes- Each node in the model was discretized into states, or ranks. In most 
cases, I followed the zero, low, medium, high ranking scheme, which has been used in previous 
risk assessments by Landis et al. (Hayes and Landis 2004, Colnar and Landis 2007, Landis et 
al.  2014). Using this scheme, ranks were assigned a numeric value (zero=0, low=2, medium=4, 
high=6). Ranking schemes for each input node were set using peer-reviewed literature, SRST 
management objectives, regulatory criteria, or a combination thereof. For some nodes, 2 or 3 
states were preferable to 4 states to more accurately reflect natural breaks or management 
decisions. A review of the site-specific data ensured that each ranking scheme was comparable 
to the data for that node. For example, PAH data was available for river sediments but not for 
river water concentrations. Therefore, I used a ranking criteria based on sediment PAH 
concentrations (g/kg) to discretize the states in order to make them applicable to the available 
monitoring data. For some parameters, units were converted to match the available monitoring 
data.  
For dietary exposure to mercury (mercury in fish, garden crops, livestock, and wildlife) I chose to 
use the same ranking scheme in order to calculate relative consumption of mercury from 
different dietary sources. This is not consistent with the methods of the RCRA HHRA (VDEQ 
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2009a) but it was consistent with the decisions made in this risk assessment. The consistent 
ranking scheme allowed for the calculation of cumulative mercury consumption using defined 
exposure rates (see Section Casual Pathways and Conditional Probability Tables). Differences 
in the availability of mercury in these dietary sources was accounted for not in the ranking 
scheme but in the values of the CPT.  
Data Sources and input frequencies- Site-specific data were used to set the frequencies of 
the input nodes. Data came from many sources including NOAA, USGS, the City of 
Waynesboro, Virginia Department of Game and Inland Fisheries (VDGIF), VDH, VDEQ, and the 
SRST. A full list of data sources can be found in Supplementary Materials ST-1 to ST-3. Data 
for each input node were organized by risk region and reviewed for quality (USEPA 2014). The 
frequency of data points in each state determined the probability distribution for the input node. 
Uncertainty in the data was expressed explicitly in the input frequencies. For parameters with no 
available data, I assigned the node a uniform distribution, or an equal probability of any risk 
state. This was to show that any risk state was equally likely given my knowledge. The use of 
site-specific monitoring data as input frequencies ensured that the risk results were relevant and 
applicable to site management (Marcot et al. 2006, Chen and Pollino 2012).  
Causal pathways and Conditional Probability Tables- Links, or arrows, in the BN were 
based on known cause-effect pathways and were derived directly from the conceptual model. In 
the BN, each link connecting two or more input nodes to an intermediate node relied on a CPT 
to quantify the causal relationships and calculate the distribution of the intermediate node. The 
CPTs in my models were completed using published literature, site-specific data, and 
information from the initial biotic and water quality BNs.   
In the case of the dietary exposure pathways, CPTs were based on estimated consumption 
rates from monitoring data and the USEPA Exposure Factors Handbook for human health risk 
assessment (USEPA 2011). Consumption rates for fish, both trout and non-trout species, were 
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derived from VDGIF angler surveys (Bugas 2005, Bugas 2011). Estimated consumption rates 
for waterfowl and wildlife, garden crops, and livestock were taken from the USEPA Exposure 
Factors Handbook (USEPA 2011). Consumption rates were specific to the food being 
consumed (garden crops, livestock, wildlife, and waterfowl). These consumption rates were 
used by the SRST in their analysis of mercury in garden crops (Berti et al. 2013).   
After completing the CPTs for each model, I performed a sensitivity analysis to test the model 
(Marcot et al. 2006). The sensitivity analysis was used to identify to any portions of the model 
that behaved unrealistically. The conditional probability distributions in the CPTs were adjusted 
to understand how changes in the CPTs would affect the model output (2006).  
2.3.3 Defining endpoints nodes 
Endpoints followed the same zero, low, medium, high ranking scheme as described for 
discretizing nodes. As with the model input nodes, each state reflected a numerical range of 
values. For every endpoint node, differences among node states were defined using an entity-
attribute approach (USEPA 1998). Table 3 provides descriptions of the ranking schemes for 
each model endpoint.  
In the Human health model, for example, each risk state represents a likelihood of exposure to 
contaminants and exceedance of human health criteria (Table 3). Low human health risk 
represents a combination of stressors as to have no exceedances of human health criteria. 
Medium risk to human health represents a combination of stressors as to have exceedances of 
human health criteria for 1-2 input parameters. High risk represents a combination of input 
parameter frequencies with 2 or more parameters that exceed human health criteria. In 
situations where 2 parameters exceed criteria, risk is considered either medium or high risk 
depending on the specific parameters in exceedance and the scale of the exceedance.  
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Table 3. Description of risk states for three model endpoints: Human health, Recreation, and 
Ecosystem services.  
HUMAN HEALTH 
 
Risk State Description of effects (Attributes) 
Zero Stressors are not present or exposure does not occur. 
Low 
Stressors are present and exposure is possible; 
zero exceedances of human health criteria 
Medium 
Stressors present and exposure is likely; 
Some exceedances of human health criteria; 
exceedances are few and/or small in scale 
High 
Stressors present and exposure is likely; 
Some exceedances of human health criteria; 
exceedances are greater in number and/or scale 
RECREATION 
 
Risk State Description of effects (Attributes) 
Zero Stressors are not present or exposure does not occur. 
Low 
Stressors are present and exposure is possible;  
Recreational activities are available; quality may be compromised 
Medium 
Stressors present and exposure is likely;  
Most recreational activities are available; quality is compromised 
High 
Stressors present and exposure is likely;  
Recreational activities are unavailable or dangerous to human well-
being 
ECOSYSTEM SERVICES 
 
Risk State Description of effects (Attributes) 
Zero Stressors are not present or exposure does not occur. 
Low 
Stressors are present and exposure is possible;  
Ecosystem services are essentially intact 
Medium 
Stressors present and exposure is likely;  
Ecosystem services are present; quality of one or more  services is 
compromised 
High 
Stressors present and exposure is likely;  
Ecosystem services are eliminated and/or quality of services is low 
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2.3.4 Risk Calculation 
Netica uses probabilistic inference to update the intermediate and endpoint nodes based on the 
input probabilities and CPTs (Norsys Software Corp. 2014). The final result is a risk distribution 
for each endpoint, which is also referred to as the posterior probability distribution (PPD). In 
addition to the PPD, Netica calculates a risk score for each intermediate node and endpoint, 
which is simply the mean of the distribution.  Risk scores are continuous; in these models, risk 
scores range from 0 to 6.  
While risk scores facilitate the communication of general trends, risk distributions are useful for 
conveying specific information about patterns of risk and comparing differences in risk by 
endpoint or by region. There is no assumption of a normal distribution of the four scores; rather, 
distributions reflect the actual frequencies from the model calculations. 
2.3.5 Cumulative Risk using Monte Carlo Techniques 
Markov chain Monte Carlo was used to calculate cumulative risk by region and by endpoint. 
Monte Carlo analysis was performed using Oracle Crystal Ball, a Microsoft Excel Add-in for 
probabilistic modeling. The risk distributions from the endpoint nodes in the BNs were used as 
input data for the Monte Carlo simulation. The simulation was run for 10,000 iterations using 
Latin Hypercube sampling. The cumulative risk results from the Monte Carlo simulation were 
used to compare total risk by endpoint and by risk region similar to the conventional relative risk 
model.  
2.3.6 Data Sources and Documentation 
All rationale for model parameterization is documented and available to the reader. 
Supplementary Materials ST-1 to ST-3 list the sources of data used in the model 
parameterization. Supplementary Materials ST-4 to ST-6 provides information on each input 
parameter and its ranking schemes as well as justification and references used to define that 
node.  
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2.4 Model Evaluation 
2.4.1 Sensitivity Analysis: Entropy Reduction 
Sensitivity analysis explains the extent to which the endpoint node is influenced by the values of 
the input nodes (Pollino et al. 2006, Marcot 2012, Hines and Landis 2014).  A sensitivity 
analysis was performed for each endpoint in each risk region looking at the influence of the 
input parameters on the endpoint node (Sensitivity to Findings, Norsys Software Corp. 2014). 
Because the states are discrete ranks, sensitivity was measured as mutual information, or 
reduction in model entropy (Norsys Software Corp. 2014, Pollino et al. 2006, Woodberry et al. 
2004).  
I excluded intermediate nodes from the sensitivity analysis in order to focus the analysis on the 
input parameters. The nodes that were included in the analysis became the sensitivity set 
(Woodberry et al. 2004, Pollino et al. 2006). By limiting the sensitivity set to input nodes, I 
eliminated the effect of the model structure on the sensitivity analysis (Woodberry et al. 2004, 
Pollino et al. 2006) and focused the analysis on parameters that are likely to change with 
management. The top three sources identified by the sensitivity analysis were compared across 
endpoints and among risk regions.  
For the Ecosystem services model, I performed an additional sensitivity analysis that included 
the intermediate nodes in order to better understand how groupings of inputs affect the 
endpoint. For example, all fishery-related input nodes were grouped together in a sensitivity 
analysis to quantify the effects of this portion of the model on risk to overall ecosystem services.  
2.4.2 Influence Analysis 
Influence analysis can be used to evaluate the design of the model and describe “best case” or 
worst case” scenarios (Marcot et al. 2006). I performed influence analysis of the Ecosystem 
services model to understand how changes to the input parameters affected the risk distribution 
for the Ecosystem services endpoint. For this analysis, I set input parameters to either the zero 
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state or high state and compared the results to the risk distributions that I had calculated under 
the initial model conditions following the methods of Marcot et al. (2006).  
2.5 Application of Geographic Information Systems  
To maintain the spatial nature of this risk assessment, I used geographic information systems 
(GIS) to understand the scope of the risk assessment and organize site-specific data. Initially, 
GIS was used to define the spatial extent of the risk assessment and delineate risk regions. I 
then used GIS to organize SRST monitoring data and parameterize the BNs for each region.  
Spatially explicit pathways and geo-located monitoring data were incorporated into the BNs as 
prior probabilities. Finally, GIS was used to map risk results and communicate regional risk and 
associated uncertainty.  
Geographic information systems were also used to understand spatial coverage of monitoring 
data and inform future monitoring efforts. For example, when the data are displayed by risk 
region, it is apparent that Regions 1 and 6 are underrepresented in current monitoring efforts. 
This lack of data coverage leads to high uncertainty in Region 6 and the inability to assess risk 
in Region 1. By identifying these monitoring shortfalls early in the risk assessment process, I 
was able to focus the assessment on Regions 2-6 and include in my calculations the uncertainty 
associated with small data sets for some regions and parameters.   
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3. RESULTS: PATTERNS OF RISK 
3.1 Understanding the Model Output 
Each BN concluded with a final node that represents an endpoint. For each endpoint, Netica 
used the model inputs and probabilistic methods to calculate a risk distribution. In addition to the 
distribution, Netica computed a risk score (the mean of the distribution) and a standard 
deviation. Risk scores ranged from 0 to 6.  
3.2 Risk Patterns for Ecosystem Services 
Risk was calculated for four ecosystems services: Human health, Water quality, Recreation, and 
the Recreational fishery. Risk varied more among services than among regions. The risk 
distributions for each service (Figure 4) can be used to understand the probability of a given risk 
state and the effects to the attributes that are associates with that state.  
Human health risk in the South River is lower than other services in all regions. Risk to 
recreation was moderate across all regions with little variability among regions. Risk results for 
Human health and Recreation are described in further detail in Sections 3.3 and 3.4.  
Water quality is the service at highest risk in all risk regions (Figure 5a). The probability 
distribution for Water quality is skewed towards the medium and high risk states. There is a 77.9 
to 89.7% probability of risk in the medium and high states for Water quality, depending on the 
risk region. Full risk results for Water quality were published previously (Landis et al. 2014).   
Risk to the Recreational fishery varies spatially more than risk to other services (Figure 5a). The 
risk distribution for the Fishery shows zero to low risk in Regions 2 and 5, with 65.9% and 67.4% 
in the combined zero and low risk states for these regions, respectively. Risk in Regions 3 and 6 
is moderate with 66.7% and 59.7% in the combined medium and high risk states. Risk to the 
fishery is the highest in Region 4 with a 76.1% likelihood of medium or high risk.  
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Figure 4. Comparison of risk distributions for four services, Region 2. 
 
The Monte Carlo simulations provide cumulative risk plots for the comparison of risk to all 
ecosystem services. Cumulative risk to ecosystem services varies more by service than by 
region (Figure 5). Risk to Water quality is higher than risk to other services. Risk to Human 
health is lower than risk to other services. While risk scores are similar for Recreation and 
Recreational fishery, risk to Recreation is less spatially variable (Figure 5a). Cumulative risk to 
overall Ecosystem services in Regions 2 and 5 is lower than cumulative risk in other regions, 
but the shape of the distribution remains the same for all regions. (Figure 5b).  
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Figure 5. Cumulative risk plot for all ecosystem services using a Monte Carlo simulation. 
Though cumulative risk is displayed as a curve, the x values are discrete. 5a. Ecosystem 
services risk by endpoint. Cumulative risk scores range from 0 to 30. Water quality is the service 
at the highest risk. 5b. Ecosystem services risk by region. Cumulative risk scores range from 0 
to 24. Risk for overall Ecosystem services varies little among risk regions.  
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3.3 Risk Patterns for Human Health  
Human health risk was assessed for five hypothetical user scenarios: All Pathways of Exposure, 
Hunter/Fisher, Fisher, Farmer, and Recreational user.  A description of user scenarios can be 
found in Section 2.3.4 and Table 2. Risk was calculated for each user scenario for Regions 2 
through 6.  
Risk for the All Pathways scenario is skewed towards the low rank for all regions, with risk 
scores between 1.82 and 2.64 (Figure 6). Risk to human health is lower than risk to the other 
ecosystem services endpoints. Human health risk varies spatially, but there is not a distinct 
gradient of increasing or decreasing human health risk downstream. Risk is highest in Regions 
3 and 6 and lowest in Regions 2 and 4 (Figure 6). The likelihood of a high-risk outcome varies 
from 2-3% in Regions 2, 4 and 5 to 11% in Region 3 (Supplementary Material SF-8).  
Risk calculations for the additional user scenarios show that risk decreases with fewer dietary 
exposure pathways, but does not disappear completely. Table 4 compares risk scores for each 
scenario. The difference in risk is shown for each scenario relative to the risk score for the All 
Pathways scenario. In all regions, risk decreases from All Pathways to Hunter/ Fisher, Fisher, 
Farmer and Recreational user, respectively. The greatest difference in risk from All Pathways to 
Recreational user occurs in Regions 3 and 6 (53% and 54% respectively, Table 4), meaning 
that risk is still present for recreational users in every region of the South River. To understand 
specific contributors of risk to each scenario, refer to the sensitivity analysis results (Table 8). 
As was the case for the All Pathways scenario, risk is highest to all user scenarios in Regions 3 
and 6 and lower in Regions 2, 4, and 5 (Figure 6).  The elevated risk in Regions 3 and 6 is most 
pronounced in the All Pathways, Hunter/Fisher and Fisher scenarios, all of which include fish 
consumption as a dietary exposure pathway. The regional variability in risk is lower for the 
Farmer and Recreational user, which exclude fish consumption. The largest differences in risk 
among All Pathways and the other user scenarios occurs in Regions 3 and 6 (Figure 6).  
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Figure 6. Human health risk scores by user scenario. Risk scores can range from 0 to 6. Risk 
generally decreases with decreasing pathways of exposure.  Fish consumption contributes to 
the differences in risk among regions and increases spatial variability of health risk.  
 
Cumulative risk scores for each user scenario sum risk over every risk region (Figure 7). 
Cumulative risk ranges from 0 to 30 from summing risk scores (0 to 6) across five risk regions. 
The cumulative risk pattern for human health is similar to the patterns seen in individual risk 
regions. Cumulative risk is similar for all user groups who eat fish (All Pathways, Hunter/Fisher, 
and Fisher). The distributions of risk for these three scenarios are shifted towards the low state.  
There is a large degree of variability among regions, resulting in a cumulative risk distribution 
with wide tails. Risk distributions for the Farmer and Recreational user are shifted farther 
towards the zero risk state, though risk does still exist (Figure 7). These distributions are steeper 
with narrower tails, reflecting minimal variability among risk regions and greater certainty that 
risk falls into either the zero or low risk state. 
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Table 4. Differences in risk for user scenarios relative to All Pathways scenario. To understand 
specific contributors of risk to each scenario, see the sensitivity analysis results (Table 8).  
User scenarios 
Risk Region 
2 3 4 5 6 
  
All Pathways of 
Exposure 
Risk Score 1.82 2.63 1.84 1.99 2.64 
  
Hunter/ Fisher 
Risk Score 1.52 2.44 1.64 1.72 2.42 
Difference in 
Risk 
-0.30 -0.19 -0.20 -0.27 -0.22 
-16% -7% -11% -14% -8% 
 
Fisher 
Risk Score 1.41 2.4 1.56 1.67 2.34 
Difference in 
Risk 
-0.41 -0.23 -0.28 -0.32 -0.30 
-23% -9% -15% -16% -11% 
 
Farmer 
Risk Score 1.42 1.56 1.32 1.42 1.59 
Difference in 
Risk 
-0.40 -1.07 -0.52 -0.57 -1.05 
-22% -41% -28% -29% -40% 
  
Rec User 
Risk Score 1.05 1.22 1.08 1.07 1.25 
Difference in 
Risk 
-0.77 -1.41 -0.76 -0.92 -1.39 
-42% -54% -41% -46% -53% 
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Figure 7. Cumulative risk plot for human user scenarios using a Monte Carlo simulation. 
Cumulative risk scores range from 0 to 30. All Pathways is shifted farthest towards high risk. 
The cumulative risk for the Recreational user and Farmer are shifted farthest towards low risk 
and the shape of the distributions are narrower, representing less spatial variability and greater 
certainty that risk will be in the zero or low states. Though cumulative risk is displayed as a 
curve, the x values are discrete.  
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Table 5. Risk scores and patterns for each recreational activity by region. Colors denote 
patterns in risk.  Risk scores below 2 are green (zero to low risk); scores between 2 and 4 are 
yellow (low to medium risk); and scores above 4 are orange (medium to high risk).  
Recreational Activity 
Risk Region 
2 3 4 5 6 
      
Fishing 1.60 1.54 2.14 1.88 1.19 
Swimming 4.48 4.64 4.28 4.79 4.63 
Boating 4.39 4.55 4.18 4.70 4.54 
Hunting 2.05 2.09 2.11 1.79 2.05 
Birding/Sightseeing  1.63 1.06 1.42 1.41 1.01 
 
3.4 Risk Patterns for Recreation 
Risk was assessed for five recreational activities and overall recreation for Regions 2 through 6. 
The recreation model considered mercury (mercury in waterfowl and wildlife), ecological 
stressors (Carolina wren and Belted kingfisher habitat, river temperature, and fecal bacteria, for 
example) and availability of public access points for recreation.  
Risk to overall Recreation in the South River is skewed toward the low and medium states for all 
risk regions. There is very little variability in risk among regions. The likelihood of high risk in any 
region is between 4.97 and 6.21% (Supplementary Material SF-9).  Risk to specific recreational 
activities depends on both the activity and the risk region (Figure 6). The variability in risk 
among activities is greater than variability among regions.  Risk is higher for Swimming and 
Boating than for other recreational uses (Table 5). Risk scores for these activities exceed 4.0 for 
all regions, representing a medium-high level of risk.  Risk to Fishing and Hunting are low for all 
regions, though some regions do exceed a risk score of 2.0 (Table 5). Risk to 
Birding/Sightseeing is lower than that of all other recreational activities. Risk does not exceed 
2.0 in any region.  
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Figure 8. Risk to recreational activities of the South River. Risk scores can range from 0 to 6. 
Risk to Swimming and Boating is the higher than risk to all other recreational activities. Risk to 
fishing varies among regions more than risk to other activities.  
 
The spatial trend described above for overall Recreation is consistent with some activities 
(Fishing and Birding/Sightseeing) but not with others (Figure 6). For both Swimming and 
Boating, risk is lowest in Region 4 and higher in Regions 3, 5, and 6. Risk to Hunting is lowest in 
Region 5, though risk to Hunting varies minimally among regions. Risk to Fishing varies spatially 
more than risk to other activities.   
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4. RESULTS OF SENSITIVITY ANALYSIS 
The sensitivity analysis used entropy reduction as a measure of which stressors (and sources of 
stressors) were driving risk to the endpoint. Sensitivity analysis results for each model are 
described below.  A full summary of the top parameters in the sensitivity analysis can be found 
in Tables 6-8.  
4.1 Entropy Reduction for Ecosystem Services 
Sensitivity results for the Ecosystem services model showed that the greatest contribution of 
risk to overall Ecosystem services can be attributed to Water quality, Recreation, and the 
Recreational fishery (Table 6). Human health did not contribute considerable risk to the 
Ecosystem services endpoint because risk to human health is low in all regions.  
The smallmouth bass population influenced risk to the Recreational fishery and overall 
Ecosystem services in all regions. White sucker population was a top contributor of risk in 
Regions 2 and 3.  In Region 4, where risk was highest to the Recreational fishery, risk was also 
highest to Ecosystem services. Lower risk to Ecosystem services in Regions 2 and 5 can be 
attributed (at least in part) to fish stocking in these regions.  
4.2 Influence Analysis for Ecosystem Services  
An Influence analysis of the Ecosystem services model showed that all model parameters 
influenced the endpoint. When human health was set to high (the least likely state), risk to 
Ecosystem services shifted towards medium and high (Figure 9). Similarly, when Water quality 
was set to zero (again, the least likely state), risk to Ecosystems services shifted toward low and 
medium. This analysis was used to understand how hypothetical changes in risk to Human 
health and Water Quality would influence risk to overall Ecosystem services (Marcot et al. 
2006).  
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Figure 9. Influence analysis of the Ecosystem service model (Region 2). The analysis was used 
to compare risk to Ecosystem services (ES) under original input node frequencies (a) to two 
hypothetical situations: 1) 100% probability of high risk to human health (b) and 2)100% 
probability of low risk to Water Quality (c). 
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Table 6. Sensitivity analysis results for the Ecosystem services model. The top three sources 
are listed for each region and user scenario. The order of importance within the top three 
parameters differs among risk regions. 
Model 
Parameter Sensitivity by Risk Region 
2 3 4 5 6 
       
Total Services 
(by  input 
parameter) 
White sucker X X    
Smallmouth bass X X X X X 
Recreation X X X X X 
Water quality    X X X 
       
Total Services 
Recreational fishery X X X X X 
Recreation X X X X X 
Water quality  X X X X X 
  
4.3 Entropy Reduction for Human Health 
Sensitivity analysis of the human health BNs showed which input parameters are responsible 
for influencing risk to human health (Table 7). Soil mercury influenced risk to human health for 
all user scenarios in all regions (Table 7). River mercury was a driver of risk, especially for the 
Hunter/Fisher, Fisher, and Recreational user. Bacteria indicators contributed risk to human 
health, especially in Regions 3 and 5 where E. coli bacteria levels are the highest. For Regions 
4 and 5, where E. coli levels were low, the Bacteria indicators node was less likely to drive risk 
to the endpoint.  
The sources of dietary mercury that contributed the most risk to human health depend on the 
user scenario (Table 7).  Resident fish species (non-trout) were the primary source of dietary 
exposure for All Pathways, Hunter/Fisher, and Fisher. The relative influence of the variables 
Mercury in trout and Mercury in non-trout varied among risk regions depending on the 
availability of monitoring data. Mercury in non-trout species was the main risk driver in Regions 
2, 4, and 5 where fish tissue mercury concentrations are elevated for non-trout species and low 
for trout species. Mercury in trout influenced the sensitivity analysis in Regions 3 and 6, where 
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fish tissue mercury concentrations in trout are less certain.  Low garden crop mercury resulted 
in low risk to human health for the Farmer and All Pathways users in all regions.  
4.4 Entropy Reduction for Recreation 
Sensitivity analysis of the recreation model was used to understand how input parameters 
influence risk Recreation to individual recreational activities (Swimming, Boating, Fishing, 
Hunting and Birding).River temperature, mercury in waterfowl/game, and access to recreational 
areas influenced risk to Recreation in all regions (Table 8). River discharge and bacteria 
indicators were key drivers of risk to both Swimming and Boating river use. Risk to Fishing was 
driven by dissolved oxygen levels and fish mercury (2014). Risk to both Hunting and Birding 
was influenced by the availability of public access points for recreation (Table 8). Mercury in 
waterfowl and wildlife, which was low in all regions, resulted in low risk to hunting endpoint 
(Table 8). Availability of Carolina Wren and Belted Kingfisher habitat influenced risk to the 
Birding endpoint (Table 8). 
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Table 7. Sensitivity analysis results for the Human health model. The top three sources are 
listed for each region and user scenario. The order of importance within the top three 
parameters differs among risk regions.  
Model 
Parameter Sensitivity by Risk Region 
2 3 4 5 6 
       
Human health 
All Pathways 
of Exposure 
Soil Hg X X X X X 
Hg in garden crops X  X X  
Hg in trout  X   X 
Hg in all other fish X  X   
Hg in river     X 
Bacteria indicators  X  X  
       
Hunter/ 
Fisher 
Soil Hg X X X X X 
Hg in trout  X   X 
Hg in all other fish X  X   
Hg in river   X X X 
Bacteria indicators X X  X  
       
Fisher 
Soil Hg X X X X X 
Hg in trout  X   X 
Hg in all other fish X  X X*  
Bacteria indicators X X  X  
Hg in river   X X* X 
       
Farmer 
Soil Hg X X X X X 
Hg in garden crops X X X X X 
Bacteria indicators X X  X  
Hg in river   X  X 
       
Rec User 
Soil Hg X X X X X 
Hg in river X X X X X 
Bacteria indicators X X  X X 
Pesticides in river   X   
* Mutual information was the same for the third and fourth parameters. 
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Table 8. Sensitivity analysis results for the Recreation model. The top three sources are listed 
for each region and user scenario. The order of importance within the top three parameters 
differs among risk regions. 
 
Model 
Parameter Sensitivity by Risk Region 
2 3 4 5 6 
       
All Recreation  
River temperature X X X X X 
Hg in waterfowl & wildlife X X X X X 
Public access X X X X X 
       
Fishing 
Dissolved oxygen X X X X X 
River temperature X X X X X 
Fish tissue Hg X X X X X 
       
Swimming 
River temperature X X X X X 
Bacteria indicators X X  X X 
River discharge (flow) X X X X X 
Phosphorus   X   
       
Boating 
River temperature X X X X X 
Bacteria indicators X X  X X 
River discharge (flow) X X X X X 
Phosphorus   X   
       
Hunting 
Hg in waterfowl & wildlife X X X X X 
Public access X X X X X 
       
Birding/ 
Sightseeing  
Belted Kingfisher territory X  X X X 
Belted Kingfisher habitat X X X X X 
Public access  X X X X 
Carolina Wren habitat X X    
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5. DISCUSSION 
Through these results I have demonstrated that a framework can be developed to assess risk to 
human, biotic, and ecosystem services endpoints in an integrated ERA-HHRA. I have used the 
South River as a case study to show that the BN-RRM is a useful framework for integrated 
probabilistic risk assessment.  In doing so, I have calculated risk to human health, recreation, 
and ecosystem services of the South River.  
5.1 Site-specific patterns of risk  
5.1.1 Risk to Ecosystem services  
Stressors in the South River impact the ecosystem services of the river and its floodplain. While 
direct human health risks are low, risk to ecosystem services is likely to impact area residents 
and river users.  Risk to ecosystem services is driven by risk to Water quality, Recreation, and 
the Recreational fishery. Spatial differences in risk can be attributed to water quality and  
Fishery related input parameters, including dissolved oxygen and fecal bacteria levels (Water 
quality inputs) and smallmouth bass population and fish stocking (Fishery inputs). Fish stocking 
in any region lowers risk to the Recreational fishery and Ecosystem services because the 
stocked fish support the demands of the recreational fishery without increasing the risk of 
mercury exposure from fish consumption.  
5.1.2 Risk to Human health  
The sensitivity analysis from the risk assessment shows that soil mercury and river mercury 
consistently contribute risk to Human health for all regions and user scenarios. Dietary mercury 
from resident fish species (non-trout) increases risk to Human health. Low mercury in garden 
crops resulted in lower risk to Human health. Fecal bacteria increased Human health risk in 
regions where it is present.   
While Human health risk is low in all regions, it is slightly elevated in Regions 3 and 6. The 
differences in risk among regions can be attributed to two factors: 1) mercury in fish and 2) 
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bacteria levels. Human health risk is elevated in Region 3 where the SRST has measured 
higher concentrations of mercury in fish tissue. Fecal bacteria concentrations are also elevated 
in Region 3 compared to concentrations in other regions. Region 6 is underrepresented in 
current monitoring efforts. Data are not available for mercury in the floodplain soils or river. 
Without data, these nodes are assigned an equal probability of being in any of the four risk 
states. This uncertainty is expressed in the risk distribution and risk score (Supplementary 
Material SF-8). With additional monitoring data to parameterize Region 6, it is likely that the risk 
distribution would become more certain.  
The user scenarios show patterns of risk that are similar among risk regions. Scenarios that 
included a greater number of exposure media exhibited higher risk.  Fish consumption appears 
to be driving the differences in Human health risk among user scenarios based on both the risk 
results and the sensitivity analysis. Fish consumption contributes to the differences in risk 
among regions and increases spatial variability of health risk.  
Low Human health risk is consistent with the findings of the SRST Human Exposure Team 
(SRST 2013, SRST 2014). The RCRA HHRA currently under review (VDEQ 2009a) is the 
definitive assessment of human health risk for the South River. The RRM results of this study 
are not meant to refute or replace the results of the RCRA HHRA. Rather, they provide 
additional information about the interactions between human health and ecosystem services 
and their relative risks. This information can be used to guide future monitoring efforts and 
inform management decisions.  
5.1.3 Risk to Recreation  
Risk to Recreation is low to medium with less spatial variability among risk regions than is seen 
for other endpoints. Small spatial differences in risk can be attributed to the input node 
frequencies for a given region. Slightly elevated risk in Region 5 is likely due to higher risk to 
Swimming and Boating, which are primarily driven by water temperature and river discharge. 
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Belted Kingfisher territory may also contribute to elevated risk in Regions 2 and 5, with the 
probability of Unacceptable Territory at 40% and 52%, respectively. Interestingly, there is no 
single input that stands out as a contributor of risk in Region 2; rather, it is a cumulative effect of 
small increases in risk for multiple input parameters.   
River temperature contributes risk to Recreation more than other input parameters. Boating, 
Swimming, and Fishing are sensitive to changes in river temperature (Landis et al. 2014).  River 
temperature and discharge are indicators of water conditions that are likely to affect the public’s 
participation in and satisfaction from river-based recreational activities. Fluctuations in river 
temperature and river discharge could also lead to unsafe conditions for river users. Public 
access determines the availability of recreation in a region. Where public access is limited or 
does not exist, recreation is not available and risk to recreation is forced to the medium or high 
risk states. 
5.2 Informing future monitoring 
The BN-RRM can be used to identify which variables should be considered for measurement 
and to guide future monitoring efforts on the South River. Variables that are shown in the 
sensitivity analysis to influence risk to the endpoint may be useful parameters to measure over 
time. Changes to these parameters (for example reduction in Hg or change in temperature) may 
lead to change in risk to the endpoints.  
The sensitivity analysis showed that human health risk was sensitive to mercury concentrations 
in fish, soils, and garden crops. Mercury in fish tissue is currently being monitored by the SRST 
and changes in fish tissue mercury are being evaluated (SRST 2013, SRST 2014). Any further 
data collected for the South River can be used to update the BNs, thereby reducing uncertainty 
in the risk estimates.   
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5.3 Next Steps 
This research can be used in the adaptive management process to assess changes in risk due 
to two proposed management options: agriculture BMPs and bank stabilization (Johns 2014, 
Foran et al. 2015).  The existing BNs can be adapted to assess the effects of either 
management option on each endpoint (Johns 2014). Inclusion of the BN-RRM in the adaptive 
management cycle allows for a quantitative analysis of management options and a better 
understanding of possible management tradeoffs (Johns 2014, Foran et al. 2015).  
The RRM results can also be incorporated into a Multi Criteria Decision Analysis (MCDA) 
framework (Linkov et al. 2006, Carriger and Barron 2011). Risk distributions could be used as 
input into any probabilistic MCDA (Linkov 2006) or decision nodes within Netica could be used 
to modify the BN for direct use as a MCDA framework. Existing BNs for the South River could 
be easily adapted to incorporate the decision components of an MCDA model, such as cost or 
effectiveness of the management options.  As an example, Carriger and Barron (2011) used 
BNs to understand the impacts of response decisions on ecosystem services during the 
Deepwater Horizon oil spill. Their decision networks considered each action’s cost, 
effectiveness at removing dispersed oil, and the potential ecological impacts of the action 
(2011).  
5.4 Integrating Human and Ecological Risk 
This ERA-HHRA presents a holistic picture of risk for 14 human and ecological endpoints.  The 
BN-RRM was useful for integrating ERA and HHRA for the South River. The BN-RRM allowed 
for the integration of human health, biotic, and ecosystem services endpoints in a single 
assessment. It enabled me to consider of a broad range of data and quantify multiple sources of 
variability and uncertainty. Shared conceptual models ensured that integration occurred 
throughout the entire risk characterization process. Assumptions, initial conditions, and spatial 
and temporal scales remained consistent for human, biotic, and water quality endpoints. 
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Common methods for evaluating evidence, expressing uncertainty, and conveying risk led to 
results that are coherent and comparable across disciplines and applicable to management of 
the South River. This integrated risk assessment provides a clear picture of risk that can be 
used to understand trade-offs and guide management decisions. These methods could be 
applied to other sites for which there are sufficient data.  
An integrated approach to ERA and HHRA using the BN-RRM framework is both possible and 
practical. Integration occurred at all steps in the risk assessment process; endpoints for each 
model were identified in the problem formulation phase, conceptual models were constructed as 
to remain compatible, and risk and uncertainty were calculated for all endpoints.  
While many authors have proposed that an integrated approach to ERA-HHRA would be useful, 
(Harvey 1995, Bridges 2003, Suter 2003, Suter 2004, Vermeire et al. 2007), this research 
provides one of the first concrete example for testing the proposed benefits of such an 
approach. Through this work, I applied a quantitative framework (BN-RRM) to better understand 
the potential benefits and constraints of an integrated ERA-HHRA.  I have come to the following 
conclusions that support the hypotheses of Harvey (1995), Bridges (2003), Suter (2003), and 
Vermeire et al. (2007):  
1. Integration was efficient (both in time and effort). A single framework was used to describe 
sources, stressors, habitats, and exposure pathways for human and ecological endpoints. 
Three conceptual models were constructed for 14 endpoints. The same site-specific data 
set was used for both the human health and ecosystem services components of this risk 
assessment.  
2. Integration produced coherent and comparable results. An integrated ERA-HHRA required 
consistent methods, scale, and assumptions, which ensured that risk calculations remained 
relative among endpoints. A quantitative approach (such as the BN-RRM) further ensured 
that results were comparable across endpoints. 
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3. Integration provided a complete picture of risk, whereas separate risk assessments would 
have addressed only parts of the larger pattern of risk. This ERA-HHRA can be used to 
understand patterns of risk and to determine the extent to which sources and stressors 
contribute risk to both human and ecological endpoints.  
4. Integration increased transparency in the risk assessment process. The BN-RRM methods 
of this risk assessment allowed for transparency in the process, including the construction of 
the conceptual models, risk calculations, and model evaluation (sensitivity analysis, for 
example). It is not clear whether integration itself contributed to the transparency of this risk 
assessment.  
5.5  Risk Assessment of Ecosystem Services  
This research demonstrates that ecosystem services endpoints are compatible with probabilistic 
risk assessment using the BN-RRM framework.  Ecosystem services that are measurable can 
be incorporated into the BN-RRM or other quantitative risk frameworks.  Under the BN-RRM 
framework, risk can be calculated for any ecosystem service endpoint which 1) is measurable 
and changes to which are observable and/or testable and 2) causal pathways exist and can be 
used to assess risk from sources and stressors to endpoints. Even traditionally qualitative 
ecosystem services, such as aesthetics or cultural values, can be defined and measured for 
inclusion in risk assessment, site management, or regulatory decision making. 
Communication among stakeholders, managers, and the risk assessor is essential for defining 
the objectives and scope of an ecosystem services assessment. During the initial phases of the 
risk assessment, stakeholders and managers should agree on a conceptual model and 
definitions for each endpoint (both the entity and the attributes). These definitions can be based 
directly on values of the stakeholders or regulatory criteria that is already established. Services 
chosen as risk assessment endpoints should be relevant to stakeholder values and present 
within the scope of the risk assessment- both spatially and temporally. 
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5.6 Application of Geographic Information Systems 
Geographic information systems (GIS) provided useful tools for this ecological and human 
health risk assessment. I found that GIS could be easily integrated into the BN-RRM throughout 
the entire process. I used GIS to organize and display site-specific monitoring results, which 
gave me a better understanding of the spatial and temporal coverage of data. This information 
has been used by the SRST, along with the results of the sensitivity analysis, to identify key 
monitoring parameters and gaps in monitoring data and will be used to inform future monitoring 
in the region.  
As a spatially explicit probabilistic model, the BN-RRM benefits from the inclusion of spatial data 
and a broad range of GIS tools. The capacity of GIS to organize, analyze, and display spatial 
data enhances the BN-RRM model and allows for greater transparency in the risk assessment 
process. Given these benefits, GIS should be utilized in ERA and HHRA more frequently, 
especially for landscape-scale risk assessments. 
Harris 2015 References 
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SUPPLEMENTARY MATERIALS 
Table ST-1.  Data sources for Ecosystem services model input parameters. 
Endpoint Input node Data variable Years Source of data 
 
Ecosystem 
services 
Human health 
Risk to human health 
from all pathways of 
exposure 
NA 
See Human health 
data sources table 
(ST-2) 
Water quality  
Risk of exceeding 
water quality criteria for 
human health and 
aquatic life 
NA Landis et al. (2014) 
Recreation 
Risk to recreational 
activities in the river 
and floodplain 
NA 
See Recreation  
data sources table 
(ST -3) 
Smallmouth 
bass population 
Risk to smallmouth 
bass population 
NA Landis et al. (2014) 
White sucker 
population 
Risk to white sucker 
population 
NA Landis et al. (2014) 
Fish stocking 
Presence or absence 
of fish stocking 
2011 
Bugas (2005) 
Bugas (2011) 
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Table ST-2.  Data sources for Human health model input parameters. 
Endpoint Input node Data variable Years Source of data 
 
Human 
health 
Hg  
in garden crops 
Hg concentration of 
garden vegetables 
grown on the 
floodplain (mg/kg) 
2003-2004 
South River Science 
Team (SRST) 
personal 
communication  
3 January 2014 
Hg in livestock 
Hg tissue 
concentrations in SR 
livestock (mg/kg) 
2013 
SRST personal 
communication,  
3 January 2014 
Hg in waterfowl 
and game 
Hg tissue 
concentrations in 
waterfowl and game 
species (mg/kg) 
2008 
SRST personal 
communication,  
3 January 2014 
Hg in trout 
Fish fillet Hg 
concentration 
(mg/kg) 
2002-2013 
SRST personal 
communication,  
3 January 2014 
Hg in resident 
fish 
(non-trout) 
Fish fillet Hg 
concentration 
(mg/kg) 
2002-2013 
SRST personal 
communication,  
3 January 2014 
Drinking water 
quality 
Exceedance of VDH 
drinking water criteria 
(# of exceedances) 
2008-2013 
City of Waynesboro 
Consumer 
Confidence Reports 
Soil Hg  
Hg in floodplain soils 
(mg/kg) 
2003-2008 
SRST personal 
communication,  
3 January 2014 
Bacteria 
indicators 
E. coli in surface 
water (CFU/L)  
2005- 2010 
VDEQ / SRST  
SRST personal 
communication,  
3 January 2014 
River 
phosphorus 
Total phosphorus in 
surface water (mg/L) 
2006-2007, 
2010-2013 
(Region 2-5) 
SRST personal 
communication,  
3 January 2014 
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Human 
health 
(cont.) 
Total 
suspended 
solids 
Suspended solids 
(mg/L) 
2005-2013 
SRST personal 
communication,  
3 January 2014 
Hg in river 
Hg in river water 
(ng/L) 
1970-1982 
1997-2009 
SRST personal 
communication,  
3 January 2014 
PAH in river 
PAHs measured in 
river sediments 
(g/kg): 
- Acenaphthene 
- Acenaphthylene 
- Anthracene 
- Benz[a]anthracene 
- Benzo[a]pyrene 
- Chrysene 
- Dibenz[a,h]anthrace
ne 
- Fluoranthene 
- Fluorene 
- Indeno (1,2,3-cd) 
pyrene 
2003-2010 
SRST personal 
communication,  
3 January 2014 
Organochlorine 
pesticides in 
river 
Organochlorine 
pesticides measured 
in water column 
(g/L): 
- Aldrin 
- Chlordane 
- Dieldrin 
- Endrin 
- Heptachlor 
- Methoxychlor 
1979-1982 
2003 
2006-2007 
SRST personal 
communication,  
3 January 2014 
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Table ST-3.  Data sources for Recreation model input parameters. 
Endpoint Input node Data variable Years Source of data 
 
Recreation 
Fishing river 
use 
Risk to fishing 
activities in the South 
River 
NA Landis et al. (2014) 
Swimming river 
use 
Risk to swimming 
activities in the South 
River 
NA Landis et al. (2014) 
Boating river 
use 
Risk to boating 
activities in the South 
River 
NA Landis et al. (2014) 
Carolina Wren 
potential habitat 
Land use type (%) 2006 
SRST personal 
communication,  
3 January 2014 
Belted 
Kingfisher 
territory 
Nests per length of 
river section (m) 
2006 
SRST personal 
communication,  
3 January 2014 
Belted 
Kingfisher 
potential habitat 
Land use type (%) 2006 
SRST personal 
communication,  
3 January 2014 
Public access 
Number of access 
points to public use 
areas 
2014 VDGIF Spatial Data 
Hg in waterfowl 
and game 
Hg concentrations in 
common waterfowl 
and game 
2008 
SRST personal 
communication,  
3 January 2014 
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Table ST-4. Definition of input parameters for Ecosystem services model. Colors denote human health and ecological portions of the 
model. Direct effects to human health and well-being are blue; ecological effects are green (see Supplementary Figure SF- 1).  
Input 
Parameter State Value/ Definition Justification Reference 
Human health 
Zero 
Stressors are not present or exposure 
does not occur.  Exceedances of human health 
criteria for all input parameters  
 
Input frequencies are posterior 
probabilities from the Human health 
model 
See human 
health table (ST-
5) 
Low 
Zero exceedances of human health 
criteria 
Medium 
Exceedance of human health criteria 
for 1-2 input parameters 
High 
Exceedances of human health criteria 
for 2 or more input parameters 
Recreation 
Zero 
Stressors are not present or exposure 
does not occur; zero risk to recreation 
Stakeholder values  
 
Input frequencies are from 
posterior probabilities from the 
Recreation model 
SRST (2009) 
USEPA (2009)                                                         
Landis et al. 
(2014) 
Low 
Recreational activities are available; 
quality may be compromised 
Medium 
Most recreational activities are 
available; quality is compromised 
High 
Recreational activities are unavailable 
or dangerous to human well-being 
Water quality 
Zero 
Stressors are not present or exposure 
does not occur.  
Exceedances of VDEQ water 
quality criteria for human health 
and aquatic life  
 
Input frequencies are posterior 
probabilities from the Water quality 
model 
VDEQ (2009b) 
VDEQ (2014) 
Low 
Full compliance with VDEQ water 
quality standards 
Medium 
Non-compliance of any 1 standard or 
close to exceeding multiple standards 
High 
Non-compliance of 2 or more VDEQ 
water quality standards  
Smallmouth 
bass population 
Zero 
Risk to small mouth bass population.   
 
Risk considers attributes of population 
such as abundance, age structure, 
reproduction, and avoidance. 
Input frequencies are posterior 
probabilities from the Smallmouth 
bass model 
Landis et al. 
(2014) 
Low 
Medium 
High 
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White sucker 
population 
Zero 
Risk to white sucker population. 
 
Risk considers attributes of population 
such as abundance, age structure, 
reproduction, and avoidance. 
Input frequencies are posterior 
probabilities from the White sucker 
model 
Landis et al. 
(2014) 
Low 
Medium 
High 
Fish stocking 
Yes Fish stocking occurs Presence or absence of fish 
stocking in the region, 
VDGIF Angler Surveys 
Bugas (2005)  
Bugas (2011)     No Fish stocking does not occur 
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Table ST-5. Definition of input parameters for Human health model. Colors denote different exposure media. Purple represents 
dietary exposure, tan represents exposure to floodplain soils, and blue represents exposure to river water and sediment.  
Input 
Parameter State Value Justification Reference 
Hg in trout 
Zero  <0.3 mg/kg  
USEPA ambient WQ criteria for MeHg in fish 
tissue 
Eggleston (2009)  
Dillon et al. (2010) 
USEPA (2010) 
VDEQ (2009b) 
Low 0.3-1.0 mg/kg  USFDA action level for MeHg in fish tissue 
Medium 1.1-3.0 mg/kg  
Exceeds US FDA action level, VSH fish 
consumption advisory in effect  
High  >3.0 mg/kg  
Exceeds VDH consumption advisory, above 
3.0 mg/kg 50% mortality of fish population  
Hg in non-trout 
fishes 
Zero  <0.3 mg/kg  
USEPA ambient WQ criteria for MeHg in fish 
tissue 
Eggleston (2009)  
Dillon et al. (2010) 
USEPA (2010) 
VDEQ (2009b) 
Low 0.3-1.0 mg/kg  USFDA action level for MeHg in fish tissue 
Medium 1.1-3.0 mg/kg  
Exceeds US FDA action level, VSH fish 
consumption advisory in effect  
High  >3.0 mg/kg  
Exceeds VDH consumption advisory, above 
3.0 mg/kg 50% mortality of fish population  
Hg in garden 
crops 
Zero  <0.3 mg/kg  
Ranking scheme was taken from fish nodes 
to maintain consistency in the model and 
compare relative risk from different media  
See above 
Low 0.3-1.0 mg/kg  
Medium 1.1-2.9 mg/kg  
High  >3 mg/kg  
Hg in livestock 
Zero  <0.3 mg/kg  
Ranking scheme was taken from fish nodes 
to maintain consistency in the model and 
compare relative risk from different media  
See above 
Low 0.3-1.0 mg/kg  
Medium 1.1-2.9 mg/kg  
High  >3 mg/kg  
Hg in 
waterfowl/game 
Zero  <0.3 mg/kg  
Ranking scheme was taken from fish nodes 
to maintain consistency in the model and 
compare relative risk from different media  
See above 
Low 0.3-1.0 mg/kg  
Medium 1.1-2.9 mg/kg  
High  >3 mg/kg  
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Soil Hg  
(values differ for 
MeHg and Total 
Hg) 
Zero <0.001 mg/kg 
Below EPA and VADEQ regional screening 
level (RSL) at HQ=0.1 
Regional Screening 
Tables  
USEPA (2015) 
Low 
MeHg: 0.001-0.78 mg/kg  
Hg: 0.001-2.3 mg/kg  
EPA and VADEQ  RSL  
Medium 
MeHg: 0.78- 7.8 mg/kg 
Hg: 0.94- 23 mg/kg  
EPA and VADEQ  RSL at HQ=1 
High 
MeHg: > 7.8 mg/kg  
Hg: > 23 mg/kg  
Greater than RSL at HQ=1 
Drinking water 
quality 
Zero Meets all criteria  
Reporting criteria for drinking water quality                                          
City of Waynesboro and VDH Office of 
Drinking Water (Consumer Confidence 
Reports) 
City of Waynesboro 
(2008-2013) 
Low 
Meets all criteria, above 
MCLG 
Medium 
Above MCLG, 1 
exceedance per year 
High >1 exceedance per year 
Bacteria 
indicators 
Low < 200 CFU/100mL 
Categorical definitions based on VDEQ 
bacteria standards.  
USEPA (2009) 
VDEQ (2014) 
Moderate 200-1000 CFU/100mL 
High >1000 CFU/100mL 
River 
phosphorus 
Zero  <0.1 mg/L No  nuisance algal blooms 
Black et al.  (2010) 
USEPA (2006) 
Sprague et al. 
(2009) 
Low 0.1-0.3 mg/L 
EPA desired goal of 0.1 mg/L 
Few surface waters are contaminated by 
algal booms  
Medium 0.3 to 0.5 mg/L Algal growth decreases water clarity and 
interferes with fishing, swimming and boating  High > 0.5 mg/L 
Total 
suspended 
solids 
Zero <10 mg/L 
Below TSS criteria for all states that have 
numeric criteria 
USEPA (2003) 
Bilotta (2007) 
Balough (2008) 
Kronvang et al. 
(2003) 
Low 10-30 mg/L 
Observed effects to aquatic life, below criteria 
for surface waters 
Medium 30-130 mg/L 
Associated with increase in MeHg, heavy 
metals, and pesticides 
High >130 mg/L 
Associated with increased contaminants; 
effects to aquatic life 
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Hg in river 
Zero 0-1 ng/L  Below EPA and VDEQ target concentrations 
VDEQ (2009b) 
USEPA (2010) 
Low 1- 200 ng/L  Below EPA public health goal 
Medium 201-1440 ng/L  
Above EPA drinking water goal; below acute 
WQ criteria, may exceed chronic WQ criteria. 
High >1440  ng/L  Exceeds acute WQ criteria 
PAH in river 
Below SQGs 
Below Sediment Quality 
Guidelines 
Comparison to Sediment Quality Guidelines  
(SQG) for aquatic life and human health, 
VDEQ 
VDEQ (2014) 
Above SQGs 
Exceeds Sediment 
Quality Guidelines 
Organochlorine 
pesticides 
in river 
Below 
Chronic Level 
Below Chronic effects 
level 
Comparison to NOAA's Chronic Toxicological 
Effects Level for Surface Waters, pesticide 
specific 
Buchman (2008) 
Above 
Chronic Level 
Exceeds  Chronic effects 
level 
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Table ST-6. Definition of input parameters for Recreation model. Colors denote river use inputs (blue) and floodplain inputs (green).  
Input 
Parameter State Value/ Definition Justification Reference 
Fishing river 
use 
Zero 
Stressors are not present or exposure 
does not occur; zero risk to fishing Stakeholder values  
Input frequencies are posterior 
probabilities from the Water 
quality model  
SRST (2009) 
Landis et al. (2014) 
Low 
Fishing is available; quality may be 
compromised 
Medium 
Fishing is mostly available; quality is 
compromised 
High 
Fishing in region is unavailable or 
dangerous to human well-being 
Swimming river 
use 
Zero 
Stressors are not present or exposure 
does not occur; zero risk to swimming Stakeholder values  
Input frequencies are posterior 
probabilities from the Water 
quality model 
SRST (2009) 
Landis et al. (2014) 
Low 
Swimming is available; quality may be 
compromised 
Medium 
Swimming activities are mostly 
available; quality is compromised 
High 
Swimming activities are  unavailable or 
dangerous to human well-being 
Boating river 
use 
Zero 
Stressors are not present or exposure 
does not occur; zero risk to boating 
Stakeholder values  
Input frequencies are posterior 
probabilities from the Water 
quality model 
SRST (2009) 
Landis et al. (2014) 
Low 
Boating activities are available; quality 
may be compromised 
Medium 
Boating activities are mostly available; 
quality is compromised 
High 
Boating activities are  unavailable or 
dangerous to human well-being 
Carolina Wren 
potential habitat 
Zero 
Pasture/Hay, Developed Open Space, 
Developed Low Intensity, Open Water 
Ideal habitat for nesting and 
other habitat needs  
Bent (1940) 
Prose (1985)  
White (2007) 
Low Deciduous Forest, Cultivated Crops 
Suitable habitat for nesting and 
other habitat needs  
Medium Evergreen Forest, Mixed Forest 
Suitable nesting habitat, lacks 
other habitat needs 
High Developed Medium/High Intensity Nesting habitat unavailable 
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Belted 
Kingfisher 
territory 
Ideal 0-2340 meters 
Home range when food is 
plentiful Davis (1982) 
Brooks and Davis 
(1987) 
Acceptable 2340-4800 m Medium home range size 
Unacceptable >4800 m 
Maximum measured home 
range 
Belted 
Kingfisher 
potential habitat 
Zero 
Pasture/Hay, Developed Open Space, 
Developed Low Intensity, Open Water 
Ideal habitat for nesting and 
other habitat needs  
Bent (1940) 
Prose (1985)  
White (2007) 
Low Deciduous Forest, Cultivated Crops 
Suitable habitat for nesting and 
other habitat needs  
Medium Evergreen Forest, Mixed Forest 
Suitable nesting habitat, lacks 
other habitat needs 
High Developed Medium/High  Intensity Nesting habitat unavailable 
Access to 
recreation 
areas 
Yes 
Public access available for entire 
region  Available access points 
based on angler surveys and 
VDGIF GIS data 
Bugas (2005) 
Bugas (2011)  
VDGIF GIS 
Limited At least 1 access point or boat launch  
No 
No public access points or boat 
launches 
Hg in wildlife 
and waterfowl 
Zero  <0.2 mg/kg  
Consistent with Human health 
model (ST-5) and general 
wildlife consumption patterns 
(Exposure Factors Handbook). 
Landis et al. (2014) 
USEPA (2011) 
Burger (2002) 
Low  0.21-1.1 mg/kg  
Medium  1.2-2.8 mg/kg  
High  >2.9 mg/kg  
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Table ST-7. Risk distributions for four ecosystem services and overall Ecosystem services.  
Node Rank 
Risk Region 
2 3 4 5 6 
       
Human health 
All Pathways  
of Exposure 
Risk Score 1.82 2.63 1.84 1.99 2.64 
Zero 33.2 18.3 31.6 28.3 19.8 
Low 45.3 41.6 47.1 47.3 39.6 
Med 18.8 30.5 19.0 21.5 29.5 
High 2.77 9.69 2.26 3.04 11.1 
       
Water quality 
Risk Score 4.92 4.54 4.48 4.84 4.3 
Zero 3.3 6.0 8.0 4.0 7.7 
Low 7.0 11.9 10.8 8.6 14.4 
Med 29.9 31.3 30.3 28.7 32.9 
High 59.8 50.8 50.9 58.7 45.0 
       
Recreation 
Risk score 2.94 2.85 2.88 2.96 2.77 
Zero 7.58 8.13 8.81 6.65 9.23 
Low 44.2 46.7 44.3 44.9 48.0 
Med 42.0 39.9 40.8 42.3 37.8 
High 6.21 5.26 6.12 6.11 4.97 
       
Recreational 
fishery 
Risk score 2.31 3.88 4.3 2.26 3.55 
Zero 35.3 8.97 6.14 34.8 10.7 
Low 30.6 25.0 18.7 32.6 29.6 
Med 17.3 29.3 29.0 17.6 31.1 
High 16.8 36.7 46.1 15.0 28.6 
       
Ecosystem 
services 
(cumulative) 
Risk score 3.62 4.24 4.35 3.64 4.12 
Zero 8.44 3.79 3.19 8.07 4.52 
Low 31.1 20.6 18.7 31.0 22.8 
Med 31.6 35.4 35.8 31.9 34.8 
High 28.8 40.3 42.4 29.0 37.9 
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Table ST-8. Risk distributions for Human health user scenarios.  
Node Rank 
Risk Region 
2 3 4 5 6 
       
All Pathways  
of Exposure 
1.82 2.63 1.84 1.99 2.64 1.82 
33.2 18.3 31.6 28.3 19.8 33.2 
45.3 41.6 47.1 47.3 39.6 45.3 
18.8 30.5 19.0 21.5 29.5 18.8 
2.77 9.69 2.26 3.04 11.1 2.77 
 
Hunter/Fisher 
1.52 2.44 1.64 1.72 2.42 1.52 
40.7 21.9 36.4 34.2 23.9 40.7 
44.2 42.4 46.6 47.1 40.2 44.2 
13.7 27.6 15.6 16.9 26.7 13.7 
1.43 8.08 1.43 1.75 9.2 1.43 
 
Fisher 
1.41 2.40 1.56 1.67 2.34 1.41 
43.7 22.7 38.6 35.8 25.4 43.7 
43.2 42.6 46.0 46.6 40.5 43.2 
11.9 27.0 14.2 16.0 25.6 11.9 
1.19 7.79 1.23 1.63 8.5 1.19 
 
Farmer 
1.40 1.56 1.32 1.42 1.59 1.40 
44.6 40.0 46.0 43.5 41.4 44.6 
41.9 43.8 42.7 43.4 40.4 41.9 
12.0 14.2 10.3 11.9 15.4 12.0 
1.41 1.98 1.0 1.23 2.8 1.41 
 
Recreational user 
1.05 1.22 1.08 1.07 1.25 1.05 
54.9 49.3 53.2 53.5 51.1 54.9 
38.3 41.5 40.2 40.2 37.3 38.3 
6.11 8.06 6.01 5.73 9.9 6.11 
0.73 1.10 0.64 0.58 1.8 0.73 
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Table ST-9. Risk distributions for 3 river use activities and 2 floodplain activities.  For overall 
Recreation results, see Table ST-7. 
Node Rank 
Risk Region 
2 3 4 5 6 
       
Fishing 
Risk Score 1.60 1.54 2.14 1.88 1.19 
Zero 41.5 48.3 35.8 38.5 54.4 
Low 39.4 31.0 30.5 35.3 33.4 
Med 16.8 16.1 24.7 19.7 10.7 
High 2.3 4.6 9.0 6.5 1.5 
       
Swimming 
Risk score 4.48 4.64 4.28 4.79 4.63 
Zero 1.7 1.4 3.6 1.0 1.3 
Low 13.2 11.1 15.8 8.7 10.6 
Med 44.7 41.4 43.5 39.9 43.6 
High 40.4 46.1 37.1 50.4 44.5 
       
Boating 
Risk score 4.39 4.55 4.18 4.70 4.54 
Zero 2.3 1.9 3.9 1.3 1.6 
Low 16.5 14.5 18.5 11.3 13.2 
Med 40.7 37.9 42.3 38.5 41.7 
High 40.5 45.7 35.3 48.9 43.5 
       
Hunting 
Risk score 2.05 2.09 2.11 1.79 2.05 
Zero 35.2 27.9 31.2 31.2 35.2 
Low 32.5 41.7 35.8 48.9 32.5 
Med 26.7 28.4 29.6 19.0 26.8 
High 5.5 2.01 3.45 0.88 5.50 
 
Birding/ 
Sightseeing  
Risk score 1.63 1.06 1.42 1.41 1.01 
Zero 42.9 57.2 46.6 46.8 60.1 
Low 34.8 32.6 36.4 36.4 29.8 
Med 20.3 10.0 16.6 16.0 9.69 
High 2.07 0.15 0.45 0.74 0.37 
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SUPPLEMENTARY FIGURES 
 
 
 
Figure SF-1. Ecosystem services conceptual model. Colored boxes denote the human health and ecological portions of the model. 
Direct effects to human health and well-being are in blue; ecological effects are green. 
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Figure SF-2. Human health conceptual model.  
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Figure SF-3. Recreation conceptual model. 
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Figure SF-4. Bayesian Network for Ecosystem Services, Region 2.  Refer to ES_R2.neta. 
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Figure SF-5. Bayesian Network for Human Health, Region 2. Refer to HH_R2.neta.
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Figure SF-6. Bayesian Network for Recreation, Region 2. Refer to recreation_R2.neta.
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Figure SF-7. Risk distributions for total Ecosystem services. 
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Figure SF-8. Risk distributions for Human Health, All Pathways of Exposure. 
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Figure SF-9. Risk distributions for Recreation. 
 
